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The dielectric response in the incommensurate (IC) phase of (P h ^ S n ^  )2P 2 Se6 solid solutions shows a 
low-frequency dielectric dispersion (50 H z - 100 kHz) with a sharp decrease in e at low temperatures 
( T  <50 K). This dispersion is due to a relaxation of the IC modulation, pinned by the substituting Pb 
atoms that can be considered as defects, through a series of metastable states. The dispersion has a 
Debye-like polydispersive character, with an additional low-frequency logarithmic correction related to 
the frequency dependence of the length scale on which the pinned incommensurations relax.
I. INTRODUCTION
A number of nonequilibrium phenomena in incom­
mensurate (IC) systems is associated with a pinning of the 
IC modulation by defects. Research in this field has been 
extensive (see Refs. 1 and 2, and references therein). 
Crystals of the (Pbj;Sn1_>,)2P2 Se6 family offer a unique 
chance to study the behavior of IC systems at low tem­
peratures, where the thermal energy becomes lower than 
the activation energy of the IC modulation dynamics 
pinned by defects.
In this paper we present the results of an experimental 
investigation of the influence of structural disorder on the 
IC phase in (PbJ,Sn1_J,)2P2Se6 solid solutions. The substi­
tution of tin by lead atoms in the cation sublattice of 
Sn2P2 Se6 leads to a decrease in the IC phase transition 
temperature.3 Simultaneously the existence region of the 
IC phase increases. For y  >0 .4  the (PbvSn1_;;)2 P2 Se6 
solid solutions exhibit only a paraelectric-IC phase transi­
tion, with the IC phase extending down to 0 K. The 
dielectric properties of these solid solutions differ sub­
stantially from those of pure Sn2P2Se6 crystals and from 
solid solutions with relatively low lead concentrations 
(j;<0.4). The characteristic increase of the dielectric 
constant towards the lock-in phase transition in the IC 
phase observed for y  <0 .4  changes to a sharp decrease in 
compounds with y  >0.4. Moreover, in these compounds 
the usual anomalous thermal hysteresis, inherent in fer- 
roelectrics with an IC phase, vanishes at least for T  < 50 
K. In this paper we show that this anomalous behavior 
can be explained in terms of a freezing of thermoactivat­
ed dynamics of the IC modulation between metastable 
states at low temperatures.
II. EXPERIM ENT
The (Pb0 45Sn0 55)2P2Se6 compound investigated was 
grown using a Bridgman technique described elsewhere.4 
The Bridgman technique has the advantage that relative­
ly large single crystals can be grown suitable for practical 
applications. In particular, they can be used as material
for low-temperature capacitive sensors,5 although in gen­
eral they are of worse quality than crystals grown by a 
vapor-transport technique. Qualitatively the temperature 
behavior of e for both crystal types is similar. The crystal 
(typically 10 mm in diameter and 25 mm long) was cut 
and polished to obtain platelets perpendicular to the 
{100} direction (5X5X1.5  mm3). For the experiments 
Al electrodes were evaporated on the sample. The fre­
quency dependence of e was determined for frequencies 
ranging from 50 Hz to 100 kHz using a General-Radio 
1615-A transformer bridge with an applied field of 4 
V/cm at several stabilized temperatures. The sample was 
mounted with silver paint into a copper block and 
the temperature was measured with a thermocouple 
and a calibrated Allan Bradly thermoresistor. For 
6.2 < T  <200 K the measurements were performed in a 
flow cryostat operated in a quasistatic regime (cooling 
and heating rate ~0 .5  K/min). The experiments at 
r = 1 . 2  and 4.2 K were done with the sample immersed 
in a standard pressure-controlled liquid-helium-bath cry­
ostat.
III. RESULTS AND DISCUSSION
Figure 1 shows the temperature dependence of the 
dielectric constant e' for the (Pb0 45Sn0 55)2P2Se6 solid 
solution. Surprisingly, the dielectric constant of these 
compounds no longer shows the expected increase with 
decreasing temperature, though the IC phase extends 
down to 0 K. For (Pb>,Sn1_J?)2P2 Se6 solid solutions with 
low lead concentrations, e' shows an increase upon ap­
proaching the IC-ferroelectric phase transition, as well as 
a characteristic thermal hysteresis.3 This increase can be 
understood in terms of the increasing polarizability of the 
nearly sinusoidal IC modulation, thereby explicitly 
neglecting any influence due to a solitonlike structure.6
A better understanding of the physics underlying the 
above-described temperature dependence of e' can be ob­
tained from the study of the frequency dependence of the 
complex dielectric constant. Clearly, a significant fre­
quency dispersion of € is observed for temperatures below
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FIG. 1. Temperature dependence of e' at 1 kHz of the 
(Pb_vSnI_>J)2 P 2 Se6 solid solution obtained on heating (full circles) 
and cooling (open circles).
100 K. It should be noted that the observed dielectric 
dispersion is found only in the IC phase, indicating that it 
is characteristic for the IC phase. The frequency depen­
dences of the real and imaginary parts of e are shown in 
Fig. 2. Upon lowering the temperature, this nearly 
monodispersive frequency dependence of e changes to a 
clearly poly dispersi ve one. At 6.5 K it is stretched over 
the whole frequency range measured. The changing 
character of the dielectric dispersion from a nearly mono- 
dispersive to a pronounced polydispersive one with de­
creasing temperature is also demonstrated by the Cole- 
Cole diagrams of e" versus e'. Figure 3 shows the Cole- 
Cole diagrams for several temperatures. The solid lines 
in this figure and dashed lines in Fig. 2 represent a fit of 
the experimental frequency dependences of the e by
£(ú>) = e00 + -
( 1 -\~icor) l—a (1)
where e a n d  e0 are the values of the dielectric constants
at the low- and high-frequency sides of the dispersion, re­
spectively, r  is the characteristic relaxation time, and a is 
the dispersion parameter representing a measure of the 
distribution of relaxation times in the system. A good fit 
to the data is obtained in the vicinity of the dispersion 
center. At the low-frequency edge the fitting fails, indi­
cating that relation (1) no longer holds. The temperature 
dependence of the resulting fitting parameters a ,r, and 
Ae=e:0— is shown in Fig. 4. The changing character 
of the frequency dispersion upon lowering the tempera­
ture is clearly demonstrated by the sudden increase of 
both a  and r at temperatures below 25 K.
The above-described frequency and temperature 
dependence of the dielectric constant can be understood 
by considering the Pb atoms in the cation sublattice of 
(Pb;;Sn1_>,)2 P2 Se6 as defects, that act as pinning centers 
for the IC modulation. This pinning can be characterized 
by a multitude of metastable states7 and the relaxation of 
the system can proceed by thermoactivated jumps be­
tween these metastable states. The strong decrease of the 
real part of the dielectric constant in the low-temperature 
region can then be understood as a freezing of this ther­
moactivated dynamics; i.e., the thermal fluctuations be­
come too small to provide jumps between the metastable 
states. This freezing scenario is further supported by the 
negligibly small sensitivity of the dielectric constant to 
the amplitude of the measuring field for T  < 50 K and 
E < 100 V/cm as well as to an applied bias field up to 
several kV/cm (all data points presented here are at E =4  
V/cm).
Note that such behavior of the dielectric constant, ac­
companied by a maximum of the dielectric loss and a
l ° g 10[f (H z )] l o g 10[ f ( H z ) ]
FIG. 2. Frequency dependences of e' — 
(open circles) and e" (full circles) at several 
temperatures. The dashed lines correspond to 
the fit to Eq. (1). The solid lines correspond to 
the fit to Eq. (3).
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FIG. 3. Cole-Cole plots e" vs e' of (Pb>vSn1_>,)2 P 2 Se6 for vari­
ous temperatures. The solid lines represent the Cole-Cole arcs 
determined by the least-squares fit to Eq. (1) using the data in 
the frequency ranges around the centers of the dispersion.
low-frequency dispersion, has also been observed in 
BCC08B02D (brominated betaine-calcium chloride- 
dihydrate) at Tf  =  23 K.8 However, the question whether 
such low-temperature behavior is a general fundamental 
property or whether it is caused by the presence of de­
fects remains open.
Our suggestion that Pb atoms play the role of defects is 
based on the two-phonon behavior of the soft mode in the 
isostructural (Pb^Sn^^Pi^ô compounds observed in 
Raman scattering experiments.9 The soft mode, which 
induces the ferroelectric phase transition by condensation 
at k = 0, corresponds to a vibration of the Sn sublattice. 
In addition to this soft mode, a new mode appears in the 
spectrum which arises due to the presence of the Pb 
atoms in the cation sublattice.
In many relaxational systems the nature of the freez­
inglike behavior can be understood in terms of a relaxa­
tion through a cascade of metastable states.10 On the 
other hand, the observed broadening of the dielectric 
dispersion upon decreasing temperature can also be de-
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FIG. 4. Temperature dependences of fitting parameters r, 
À6, and ß  in the Cole-Cole formula. The solid lines for Ae(T)  
and ß( T)  dependences are a guide to the eye. The solid line for 
t( T) dependence corresponds to a fit to the Vogel-Fulcher equa­
tion.
scribed within the so-called parallel relaxation picture 
with a broad distribution of relaxation times. For 
hierarchical series dynamics the Kohlrausch-Williams- 
Watts relaxation function q(t) = q0exp[—(t/t)]&,  
0 < ß  < 1, is valid.11 However, in practice it is hardly pos­
sible to distinguish between a parallel and a series mecha­
nism. Only the temperature dependence of the relaxation 
time allows one to make a conclusion. In the case of 
parallel relaxation, the leading relaxation time obeys an 
Arrhenius law r = r 0exp( — U / k T ) .  In the case of series 
relaxation, the minimum relaxation time follows the Ar­
rhenius law as well. However, the maximum relaxation 
time obeys the well-known Vogel-Fulcher law r m 
=  T0exp[ — U A T —T0)].U The lack of experimental data 
in the low-frequency range gives us no way of deducing 
rm. The behavior of the leading relaxation time in the 
temperature region below 40 K is fitted well by this for­
mula, with the parameters t0 =  1.1 X 10~5, T 0= — 13.6 
K, and U =  11.4 K. The freezing temperature obtained is 
nonphysical. Nevertheless, the noticeable dielectric 
dispersion in the measured frequency region at 1.2 K is 
evidence for a non-Arrhenius behavior of the relaxation 
time, since at that temperature the dielectric dispersion 
must lie at very low frequencies according to the Ar­
rhenius law. Thus these facts argue in favor of a series 
relaxation mechanism.
It should be particularly emphasized that Eq. (1) gives 
an unsatisfactory fit in the low-frequency region (see Fig. 
2). Here, e' as well as e" far exceed the calculated values. 
This peculiarity is clearly seen even at relatively high 
temperatures (Fig. 2), where the smearing of the dielec­
tric spectrum is only slight. Thus this additional contri­
bution to the dielectric constant cannot be related to a 
broad distribution of relaxation times. We would like to 
stress that a similar behavior, accompanied by a mono­
tonie decrease of e, has been observed in the disordered 
crystal SrTi03:Ca.12
It has been shown by Nattermann, Shapir, and Vilfan13 
that domain walls or interfaces pinned by defects at low 
temperatures are characterized by a relaxation which is 
accompanied by a very broad low-frequency dielectric 
dispersion. This model might also be applied to incom­
mensurate systems. Nattermann, Shapir, and Vilfan 
showed that there is a minimum length scale below which 
the domain wall is free and is not affected by the barrier. 
This length scale has a logarithmic frequency dependence 
as it is connected with a thermally activated process (see 
Ref. 13). Because of that the dielectric response of such a 
system has a Debye-like behavior with a logarithmic 
correction. In general, the relation for the dielectric sus­
ceptibility has the form13
_ 12/0
€(C0 )' 1 +
T + T t
-ln( 1 /(or0) 1l+icûT (2)
where T € is some characteristic temperature correspond­
ing to the height of the smallest barriers between the 
metastable states, r0 is an attempt time in the Arrhenius 
law, and 9 was taken to be equal to «  1.42 (for the case of 
random bond systems with the dimension d — 4 inherent 
in uniaxial ferroelectrics). A fit of Eq. (2) to the experi-
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mental frequency dependences of e' and e" is inadequate. 
A much better agreement can be obtained if a broadening 
of the dielectric dispersion due to the presence of some 
distribution of barriers between the incommensuration 
configurations is taken into account. The polydispersive 
character of the relaxation can be described by 
-™ 12/0
1 +
T + T t
-ln( 1 /cor0) 1
(l+ifflr)1" “
(3)
The frequency dependence of the real and imaginary 
parts of the dielectric susceptibility is fitted well by this 
formula (see the solid lines in Fig. 2). For the fit the 
values of a  and r obtained from the fit of Eq. (1) were 
taken.
IV. CONCLUSION
From the above discussion one can conclude that a de­
crease in the dielectric susceptibility with decreasing tem­
perature for (Pb>?Sn1_^)2P2Se6-type crystals is caused by 
the freezing of the relaxation dynamics of the incom­
mensurate modulation pinned by defects; the dielectric 
dispersion can be described by a Debye-like relaxation 
mechanism (most likely series) with a low-frequency loga­
rithmic correction that is due to the frequency depen­
dence of the length scale on which the pinned incommen- 
surations relax. It would be of interest to study the tem­
perature dependence of the IC modulation wave number 
for the present material, since if the above-described 
model is valid one expects indeed that this wave number 
becomes nearly temperature independent below 50 K.
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